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Our original suggestion to investigate exclusive pi0 electroproduction as a method for
extracting the tensor charge, transversity, and other quantities related to chiral odd gen-
eralized parton distributions from cross section and asymmetry data is reviewed. We
explain some of the details of the process: i) the connection between the helicity de-
scription and the cartesian basis; ii) the dependence on the momentum transfer squared,
Q2, and iii) the angular momentum, parity, and charge conjugation constraints (JPC
quantum numbers).
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The theoretical framework for deeply virtual exclusive scattering processes using
Generalized Parton Distributions (GPDs) has opened vast opportunities for under-
standing and interpreting hadron structure including spin within QCD. Differently
from both inclusive and semi-inclusive processes, GPDs can, in principle, provide
essential information for determining the missing component of the nucleon spin
sum rule, which is identified with orbital angular momentum. However, a complete
description of nucleon structure also requires the transversity (chiral odd/quark
helicity-flip) GPDs, HT (x, ξ, t), ET (x, ξ, t), H˜T (x, ξ, t), and E˜T (x, ξ, t)
1. Like the
forward transversity parton distribution function, h1, the transversity GPDs are ex-
pected to be more elusive quantities, not easily determined experimentally. It was
nevertheless suggested in Ref.[2] that deeply virtual exclusive neutral pion electro-
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Fig. 1. Left: Leading order amplitude for DVMP, γ∗ + P → M + P ′. Notice that differently
from Refs. 7, 8, we adopt the symmetric scheme of kinematics where P = (P + P ′)/2 (see Ref.9
for a review). Right: Hard scattering contribution to the DVMP, where φ is the outgoing meson
distribution amplitude.
production can provide a direct measure of chiral-odd GPDs so long as the helicity
flip (∝ γ5) contribution to the quark-pion vertex is dominant. This coupling is
subdominant, compared to the leading twist, chiral-even (∝ γµγ5) contribution,
but nevertheless the experimental data from both Jefferson Lab 3,4 and HERA 5
on meson electroproduction require such contributions. Subsequently, other QCD
practitioners 6 have pursued similar interpretations.
Within a QCD framework at leading order the scattering amplitude factors
into a nucleon-parton correlator described by GPDs, and a hard scattering part
which includes the pion Distribution Amplitude (DA), Fig. 1. Keeping to a leading
order description, the cross sections four-momentum squared dependences are σL ≈
O(1/Q6) and σT ≈ O(1/Q8), for the longitudinal and transverse virtual photon
polarizations, respectively. It was expected that in the deep inelastic region σL will
be dominant. Clearly, an explanation of data lie beyond the reach of the leading
order collinear factorization 10. More interesting dynamics is involved. Consider the
general form of pi coupling or distribution amplitude (DA) to quarks 11,12,
P = Kfpi
{
γ5 6q′φpi(τ) + γ5µpiφ(3)pi (τ)
}
(1)
where fpi is the pion coupling, µpi is a mass term that can e.g. be estimated from
the gluon condensate, τ is the quark longitudinal momentum fraction, φpi(τ) and
φ
(3)
pi (τ) are the naive twist-2 and twist-3 pion DAs. These determine chiral even
and chiral odd processes. In Ref.2 it was seen that sufficiently large transverse cross
sections can be produced in pi0 electroproduction provided the chiral odd coupling
is adopted.
The amplitude for Deeply Virtual Meson Production (DVMP) off a proton target
is written in a QCD factorized picture, using the helicity formalism, as the following
convolution over the quark momentum components 2,7,
fΛγ ,Λ;0,Λ′(ξ, t) =
∑
λ,λ′
∫
dxd2k⊥ gΛγ ,λ;0,λ′(x, k⊥, ξ, t)AΛ′,λ′;Λ,λ(x, k⊥, ξ, t) (2)
where the variables x, ξ, t are x = (k+ +k′+)/(P+ +P ′+), ξ = ∆+/(P+ +P ′+), t =
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∆2; the particles momenta and helicities, along with the hard scattering amplitude,
gΛγ ,λ;0,λ′ , and the quark-proton scattering amplitude, AΛ′,λ′;Λ,λ, are displayed in
Fig.1. The Q2 dependence is omitted for ease of presentation.
In our approach the chiral even contribution is sub-leading. As explained in
detail in Refs.2, 8, for the chiral odd contribution to pi0 electroproduction only
g1+,0− ≡ gT , and g0+,0− ≡ gL, are different from zero. Furthermore gL is suppressed
at O(k′⊥/Q). Their expressions are
gA,VT = g
odd
pi (Q)
[
1
x− ξ + i −
1
x+ ξ − i
]
= gA,Vpi odd(Q) C
− (3)
gA,VL = g
odd
pi (Q)
√
to − t
Q2
[
1
x− ξ + i −
1
x+ ξ − i
]
= gA,Vpi odd(Q)
√
to − t
Q2
C−, (4)
where gA,Vpi odd(Q) describe the pion vertex. The labels A, V describe axial-vector and
vector t-channel quantum numbers corresponding to exchanges as we will explain
below. Notice that the coefficients C− from the quark propagator is even under
crossing. Using the allowed hard scattering amplitudes we obtain the following six
independent amplitudes, of which four are for the transverse photon,
f1 = f1+,0+ = g1+,0− ⊗A+−,++ (5a)
f2 = f1+,0− = g1+,0− ⊗A−−,++ (5b)
f3 = f1−,0+ = g1+,0− ⊗A+−,−+ (5c)
f4 = f1−,0− = g1+,0− ⊗A−−,−+, (5d)
and two for the longitudinal photon,
f5 = f0+,0− = g0+,0− ⊗A−−,++ (6a)
f6 = f0+,0+ = g0+,0− ⊗A+−,++, (6b)
The unpolarized target pi0 electroproduction cross section is given by,
d4σ
dΩd2dφdt
= Γ
{
dσT
dt
+ L
dσL
dt
+  cos 2φ
dσTT
dt
+
√
2L(1 + ) cosφ
dσLT
dt
+ h
√
2L(1− ) dσL
′T
dt
sinφ
}
, (7)
where, Γ = (α/2pi2)(k′e/ke)(kγ/Q
2)/(1 − ), with ke, k′e being the initial and final
electron energies, kγ the real photon equivalent energy in the lab frame, h = ±1 the
electron beam polarization,  and L = Q
2/ν2, are the transverse and longitudinal
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polarization fractions, respectively 13,14, and the cross sections terms read,
dσT
dt
= N (| f1 |2 + | f2 |2 + | f3 |2 + | f4 |2) (8a)
dσL
dt
= N (| f5 |2 + | f6 |2) , (8b)
dσTT
dt
= 2N <e (f∗1 f4 − f∗2 f3) . (8c)
dσLT
dt
= 2N <e [f∗5 (f2 + f3) + f∗6 (f1 − f4)] . (8d)
dσLT ′
dt
= 2N =m [f∗5 (f2 + f3) + f∗6 (f1 − f4)] (8e)
with N = (pi/2)/[s(s−M2)]. In order to understand how the chiral odd GPDs enter
the helicity structure we need to make a connection between the helicity amplitudes
in Eqs.(5,6), and the four Lorentz structures for the hadronic tensor first introduced
in Ref.1,
µTT
ΛΛ′
µ = eq
∫ 1
−1
dx
gT
2P
+ U(P
′,Λ′)
[
iσ+iHqT (x, ξ, t) +
γ+∆i −∆+γi
2M
EqT (x, ξ, t)
P
+
∆i −∆+P i
M2
H˜qT (x, ξ, t) +
γ+P
i − P+γi
2M
E˜qT (x, ξ, t)
]
U(P,Λ), (9)
where i = 1, 2, and µT is the transverse photon polarization vector.
The GPD content of each amplitude therefore is,
f1 = g
V
pi odd(Q)
√
t0 − t
2M(1 + ξ)2
[
2H˜T + (1− ξ)
(
ET − E˜T
)]
(10a)
f2 = (g
V
pi, odd(Q) + g
A
pi, odd(Q))
√
1− ξ2
(1 + ξ)2
[
HT + t0 − t
4M2
H˜T
+
ξ2
1− ξ2 ET +
ξ
1− ξ2 E˜T
]
(10b)
f3 = (g
V
pi, odd(Q)− gApi, odd(Q))
√
1− ξ2
(1 + ξ)2
t0 − t
4M2
H˜T (10c)
f4 = g
V
pi odd(Q)
√
t0 − t
2M(1 + ξ)2
[
2H˜T + (1 + ξ)
(
ET + E˜T
)]
. (10d)
where we write,
FT (ξ, t,Q2) =
∫ 1
−1
dx C− FT (x, ξ, t, Q2) FT ≡ HT , ET , H˜T , E˜T .
These Q2 dependent coefficients are derived according to the values of the −t-
channel JPC quantum numbers for the process. They describe an angular momen-
tum dependent formula that we discuss below. The amplitudes for longitudinal
photon polarization, f5 and f6 are obtained similarly, by working out Eqs.(6a,6b)
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(details are given in Ref.8). The quark flavor content of the quark-proton helicity
amplitudes for pi0 electroproduction is,
AΛ′,λ′;Λ,λ = euA
u
Λ′,λ′;Λ,λ − edAdΛ′,λ′;Λ,λ. (11)
Taking the dominant terms in Q2 in Eqs.(10), and small ξ and t gives the
dominant GPD contributions to Eqs.(8)
dσT
dt
≈ N
[
| HT |2 + τ
(
| ET |2 + | E˜T |2
)]
(12)
dσL
dt
≈ N 2M
2τ
Q2
| HT |2 (13)
dσTT
dt
≈ N τ
[
| ET |2 − | E˜T |2 + <eHT <e(ET − ET )
2
+ =mHT =m(ET − ET )
2
]
(14)
dσLT
dt
≈ N 2
√
2M2 τ
Q2
| HT |2 (15)
dσL′T
dt
≈ N τ
√
2M2 τ
Q2
[
<eHT =m(ET − ET )
2
−=mHT <e(ET − ET )
2
]
(16)
where τ = (to−t)/2M2, and we have redefined ET = 2HT+ET according to Ref.[15].
Very little is known about the size and overall behavior of the chiral odd GPDs,
besides that HT becomes the transversity structure function, h1, in the forward
limit, ET ’s first moment can be thought of as the proton’s “transverse anomalous
magnetic moment” 15, and E˜T ’s first moment is null
1. To evaluate the chiral odd
GPDs in Ref. 8 we propose a method that, by using Parity transformations in a
spectator picture, allows us to write them as linear combinations of the better de-
termined chiral even GPDs as we determined in Ref.7. In the latter we introduced
a “flexible parameterization” for the GPDs that has both the diquark spectator
structure and the Regge behavior for small x. See Fig. 2 for examples of the in-
formation obtained for the chiral even GPDs - as determined from our recursive
fitting procedure. Our chiral even GPD parameterization also determines the elec-
tromagnetic form factors of the nucleons (Ref. 16), in agreement with recent precise
measurements 17.
Based on our analysis we expect the following behaviors to approximately appear
in the data:
i) The order of magnitude of the various terms approximately follows a sequence de-
termined by the inverse powers ofQ and the powers of
√
to − t: dσT /dt ≥ dσTT /dt ≥
dσLT/L′T /dt ≥ dσL/dt;
ii) dσT /dt is dominated by HT at small t, and governed by the interplay of HT and
ET at larger t;
iii) dσL/dt and dσLT /dt are directly sensitive to HT ;
iv) dσTT /dt and dσL′T /dt contain a mixture of GPDs. They will play an important
role in singling out the less known terms, ET , ET , and E˜T .
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Fig. 2. GPDs Hq , Eq , E˜q for flavor q = u (left) and d (right) evaluated at an initial scale and
Q2 = 2 GeV2, respectively. 7.
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Fig. 3. (color online) dσT /dt + LdσL/dt, dσTT /dt, and dσLT calculated using the physically
motivated parametrization of Ref.8, plotted vs. −t for xBj = 0.37, and Q2 = 2.35 GeV2, along
with data from Hall B 4. The hatched areas represent the theoretical errors for the parametrization,
which are mostly originating from the fit to the nucleon form factors 7,8. See Ref.4 for a full range
of kinematic values.
The interplay of the various GPDs can already be seen by comparing to the Hall B
data 4 shown in in Fig.3. One can see, for instance, that the ordering predicted in
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i) is followed, and that dσT /dt exhibits a form factor-like fall off of HT with −t.
As we explain in Ref. 8, there exist two distinct series of JPC configurations
in the t-channel, namely the natural parity one (1−−, 3−−...), labeled V , and the
unnatural parity one (1+−, 3+−...), labeled A. We hypothesize that the two series will
generate different contributions to the pion vertex. We consider separately the two
contributions γ∗(qq¯)V → pi0 and γ∗(qq¯)A → pi0 to the process in Fig. 1. What makes
the two contributions distinct is that, in the natural parity case (V), the orbital
angular momentum, L, is the same for the initial and final states, or ∆L = 0, while
for unnatural parity (A), ∆L = 1. We modeled this difference with the following
expressions containing a modified kernel
gVΛγ∗ ,λ;0,λ′ =
∫
dx1dy1
∫
d2b ψˆV (y1, b) FˆΛγ∗ ,λ;0,λ′(Q2, x1, y1, b)αS(µR) exp[−S] φˆpio(x1, b)
= gVpi odd(Q) C
− (17)
gAΛγ∗ ,λ;0,λ′ =
∫
dx1dy1
∫
d2b ψˆA(y1, b) FˆΛγ∗ ,λ;0,λ′(Q2, x1, y1, b)αS(µR) exp[−S] φˆpio(x1, b)
= gApi odd(Q) C
− (18)
where,
ψˆA(y1, b) =
∫
d2kTJ1(y1b)ψV (y1, kT ) (19)
Notice that we now have an additional function, ψˆV (A)(y1, b) that takes into ac-
count the effect of different L states. The higher order Bessel function describes the
situation where L is always larger in the initial state. In impact parameter space
this corresponds to configurations of larger radius. The matching of the V and A
contributions to the helicity amplitudes is as follows: f1, f4 ∝ gV , f2 ∝ gV + gA,
f3 ∝ gV − gA, thus explaining the Q2-dependent factors in Eqs.(10).
Conclusions
In summary, we introduced a mechanism for the Q2 dependence of the process
γ∗qq¯ → pio, that distinguishes among natural and unnatural parity configurations.
We tested the impact of this mechanism using the modified perturbative approach
as a guide. Other schemes could be explored 18.
Exclusive pseudoscalar meson electroproduction is directly sensitive to leading
twist chiral-odd GPDs which can at present be extracted from available data in the
multi-GeV region. We examined and justified this proposition further by carrying
out a careful analysis of the chiral odd sector. After going through a step by step
derivation of the connection of the helicity amplitudes formalism with the cartesian
basis, we showed in Ref. 8 how the dominance of the chiral-odd process follows
unequivocally owing to the values allowed for the t-channel spin, parity, charge
conjugation and from the GPDs crossing symmetry properties. This observation has
important consequences for the the Q2-dependence of the process. Our JPC analysis
supports the separation between the Q2 dependence of the photo-induced transition
functions for the even and odd parity combinations into pi0, thus reinforcing the idea
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that spin related observables exhibit a non-trivial asymptotic behavior. The various
beam and target asymmetries that further select independent combinations of the
GPDs will be presented in the near future 19. A separation of the various chiral-odd
GPDs contributions can be carried out, provided an approach that allows one to
fix their parameters and normalizations, appropriately, is adopted like the one we
presented here.
We thank the organizers of QCD Evolution Workshop 3 and P. Kroll, V.
Kubarovsky, M. Murray, A. Radyushkin, P. Stoler, C. Weiss, for many interest-
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